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Abstract

In this article, we present a new three-dimensional printing inspired method for in situ fabrication of mobile magnetic
microrobots with complex topology by bending a polymer filament on demand directly inside an enclosed operational
environment. Compared with current microrobot fabrication methods that typically involve multiple microfabrication
steps and complex equipment, the proposed method is simply and fast. The target shape is formed as the filament is fed
through a hot needle inserted into the workspace, and the filament bending moment is induced by attaching a tip magnet at
the end of the filament and projecting magnetic fields wirelessly from external electromagnetic coils. The filament bending
mechanics and the behavior of the bending zone are analyzed and verified through bending experiment. A shape planner is
developed for automatically controlling the fabrication process of any desired planar shapes, and the shape creation
potential of this method is also studied. Magnetically active millimeter-scale robotic devices of different planar shapes are
fabricated using polylactic acid filament with diameter as small as 100 um. As demonstrations of the in situ formation of
functional microrobotic devices, a micro-gripper is fabricated and controlled to assemble a cell cage. A micro-spring is
created as a manipulating tool with force sensing capability. We, thus, show the utility of the fabrication method for
creating complex microrobot shapes remotely in enclosed environments for advanced microrobotic applications, with the
potential for scaled down applications in health care and microfluidics.
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Introduction multiple arms. Therefore, a major task in this field is the
fabrication of microrobots of different shapes. Currently,
microrobots are predominantly fabricated using microma-
chining methods borrowed from the microelectromechanical

The study of mobile magnetic robotic devices at millimeter
and smaller scale has attracted recent interest due to their
great potential in health care and micromanipulation.' In
particular, magnetic mobile microrobots are studied most
due to the ability of magnetic field to penetrate most mate-
rials, thus magnetic microrobots can be controlled wire- Department of Mechanical and Industrial Engineering, University of
lessly in inaccessible spaces.? The functionality of Toronto, Toronto, ON, Canada
microrobots in many cases depends on their shapes, for
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systems community.” Thus, many microrobot designs have
been limited to simple planar shapes, which are easily
defined by photolithography and other pattern transfer meth-
0ds.>” The fabrication of more sophisticated microrobotic
structures usually requires multistep micromachining pro-
cess. Through multistep photolithography and electroplat-
ing, Frutiger et al.® showed a resonant magnetic micro-
agent that contains a moving spring element and patterned
magnetic material for motion and onboard tool use. A micro-
force sensing mobile microrobot was fabricated from three
different materials in a process of multistep photolithogra-
phy, silicon micromachining, and subsequent assembly.’

Due to the lack of suitable fabrication methods, the fab-
rication of three-dimensional (3-D) microrobots is more
challenging.® Especially, the repeatability of the fabrication
process and the design parameters are difficult to control.!
A number of methods have been reported for fabricating
helical micro-swimmers as a promising tool for biomedical
application.' Helical micro-swimmers around 1 mm in
diameter and 5 mm long are fabricated from nitinol tubing
using micro-wire electrical discharge machining by syn-
chronizing the linear motion with the rotational motion of
the cutting wire.” Based on a self-scrolling technique,
Zhang et al.'® fabricated the artificial bacterial flagella with
a helical tail of 47 ym in length. A shadow growth method
known as glancing angle deposition is used in the study by
Ghosh and Fischer'" to fabricate silicon dioxide nanostruc-
tured helices of 1-2 um long. Schuerle et al.'? reported that
helical lipidic microstructures with 0.5 ym in diameter and
a few to several hundreds of micrometers in length are
made from liposome. As an emerging and promising
method for defining 3-D shapes, microstereolithography
has been used to make arbitrary 3-D microrobots. Using
polymer material and multiphoton lithography, the helical
microrobot with a microholder at one end'® and the porous
microrobot for cell culture and transportation'* are fabri-
cated. A magnetically modified photocurable polymer
for microstereolithography is reported in the study by
Kobayashi and Tkuta'” for the fabrication of arbitrary 3-D
magnetic microstructures. All these fabrication methods
require complex process and expensive equipment.

Most microrobotic applications involve deployment into
confined spaces with limited access holes such as micro-
fluidic channels and human body. The deployment may
commonly be done using a hypodermic needle'®'”; how-
ever, the dimension of the microrobots will thus be limited
to the size of the access hole or the needle gauge, resulting
in overly simple and thin small geometries.

A potential solution for deploying a larger scale robot
through a small access hole is to use shape-programmable
matters that take advantage of self-folding or self-assembly
mechanism. There have been such shape-programmable self-
folding robots'®*? composed of multiple identical units and
can be controlled to change its shape by self-folding. Thus,
they can be deployed into inaccessible spaces through a little
hole at their original chain shape and self-fold themselves into

their functioning shape once inside the space. Self-
assembling modular robots*>° can achieve the same func-
tion by injecting each module into a workspace one by one
and then assembling themselves into a desired shape.
However, most self-folding and self- assembling robots
require onboard power and controller for their final
configuration,'***** making them unavailable at microscale.
For those that no onboard power and controller are required,
their self-assembly usually depends on their response to the
change in physical conditions such as tempeature®® or
magnetic field."®! This doesn’t guarantee that they can be
made at microscale and their response to the changes can be
slow. In addition, the shape resolution of programmable
matters is limited by the dimension of each identical unit.

In order to reduce the complexity of current microrobot
fabrication methods, as well as to eliminate the microro-
bot size limitation introduced by the access hole, we thus
propose a new method for fabricating microrobots with
complex shapes in situ using filament of thermoplastic
materials in a simple and rapid process. With the initial
idea borrowed from fused filament-based 3-D printing,
the microrobot can be fabricated in situ by bending a
straight polymer filament as it is fed through a needle
that is inserted into the workspace. Like the shape-
programmable matter, the fabrication process transforms
a straight filament into a desired wireframe shape through
the little access hole, thus the fabrication process can be
performed directly inside the inaccessible workspace. The
overall dimension of the formed microrobot is no longer
limited by the size of the access hole, and no further
transportation process of the microrobot is required.
Almost any arbitrary wireframe shapes can be created
except for some minor limitations.

In this article, the fabrication concept is first intro-
duced, followed by an in-depth study into the mechanics
of filament bending during fabrication. The behavior of
the deformation region and bending accuracy are also
presented with heat transfer simulation. Then, a magnet
angle planner for automatic control of the fabrication
process of two-dimensional shapes and the shape creation
potential of this fabrication method is introduced. Fila-
ment bending experiments are conducted to investigate
the properties of the filament material used in the fabri-
cation and to verify the developed theoretical models. In
the results, we show the fabrication of several compli-
cated microrobotic shapes using 100-120 pum polylactic
acid (PLA) filament with high fabrication accuracy and
demonstrate the removal of a fabricated microrobot from
its confined workspace. To demonstrate the application of
this fabrication method, a micro-gripper is formed inside
an enclosed workspace and controlled to perform a
sophisticated assembly experiment. A micro-spring is
also created to perform a stiffness calibration experiment.
We, thus, show the in situ formation of functional micro-
robots for complicated applications in constrained inac-
cessible spaces.
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Fabrication concept

In this section, we introduce the new concept of magneti-
cally mediated injectable microrobot fabrication. In this
method, the microrobot is fabricated by bending a polymer
filament into a desired shape as it is fed through a needle
that has been injected into the workspace. This method has
similarities with a fused filament-based 3-D printing sys-
tem,?’ where a thermoplastic polymer filament is extruded
from a hot moving needle and hardens as it emerges. How-
ever, in our case, the needle is stationary, and the formed
filament shape rotates itself to create the target microrobot.
Shown conceptually in Figure 1, a small tip magnet is first
attached to one end of the polymer filament. As a needle
is injected into the workspace, the filament can be
inserted into the workspace through the needle. Heating
wire is wrapped around the needle to soften the filament
and magnetic fields are applied around the workspace,
thus as the filament is fed through the heated needle, the
tip magnet at the end of the filament will respond to an
applied magnetic field and induce a torque on the fila-
ment tip to rotate the filament structure inside the work-
space at the tip of the needle. The magnetic fields are
generated by electromagnetic coils outside the work-
space, and the use of magnetic fields allows the actuating
coils to generate a magnetic torque on the tip of the fila-
ment in a wireless, safe, and controllable manner. Since
the rotation of the filament structure inside the workspace
is induced by plastic deformation in the heated filament at
the region immediately past the tip of the needle, and the
filament cools down as it is fed through the needle, the
filament structure inside the workspace can thus retain its
shape and is treated as a formed rigid structure of the
microrobot. The needle should be heated up to the glass
transition temperature (7,) of the filament material to
sufficiently soften the filament but lower than its melting
point to avoid the filament from melting. Plastic defor-
mation will happen at the small region of the filament
where its temperature is above its T, at the tip of the
needle, which we term the plastic deformation zone
(PDZ). If the PDZ is small enough, the bending of the
filament can be treated as a rotation of the formed struc-
ture pivoting the PDZ.

More topics covering the details of the filament bending
and the PDZ are studied and discussed in the following
section.

Modeling and characterization

In this section, the fundamental theories of the bending are
first studied, where we introduce the bending methods for
getting sharp bends and continuous bends on the filament,
and the mechanics model of filament bending under mag-
netic influences. Then, the effect of different conditions on
the length and deformation of PDZ is studied. A magnet
angle planner for the automatic control of the fabrication

Figure |. The concept schematic of fabricating a gripper-shaped
microrobot with two magnet tips at both of its ends in a confined
environment. The fabricated micro-gripper can then be
controlled to perform manipulation on micro-objects inside the
environment.

process is introduced, and the limit on the shape creation
potential of this method is also explored.

Bending mechanics

Two types of bending: Discrete and continuous. In the
mechanics of filament bending, the bending moment is
provided by the magnetic torque induced on the tip magnet
at the end of the filament. Given a tip magnet with mag-
netic moment 77, the torque 7 under an applied field B is
given by

T=niixB (1)

The torque acts to align the magnet with the applied
field and is at the maximum value when the applied field
is perpendicular to the magnetization direction. However,
due to the cross product in equation (1), no torque can be
generated about the magnetization axis of the tip magnet,
which will result in a limitation in fabricating 3-D shapes.

For a microrobot fabricated from a filament segment, we
introduce two fundamental shape elements, the sharp bend
and the continuous bend, which can be fabricated by two
types of bending controls developed here, the discrete
bending and the continuous bending.

In the discrete bending case, shown in Figure 2(a), the
filament is first fed through the needle for a desired length
L, at a temperature lower than T, then the needle is heated
to above T, and a magnetic field is applied to bend the
filament by a desired angle «.. As the needle cools down,
the magnetic field is still applied to maintain the bending
angle until the temperature drops below T,. Thus, a discrete
bend with bending angle « is attained on the filament.

The continuous bending is developed to induce contin-
uous deformation along the length of the filament. Asitisa
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Figure 2. Bending mechanics of (a) discrete bending and (b)
continuous bending.

continuous case of discrete bending, the feeding of the
filament and the changing of the bending angle should
happen simultaneously. Thus, the needle should be heated
above T, throughout the continuous bending. Here, we use
the magnet angle to represent the bending angle «, and thus
at any given time, the curvature « at the point being fabri-
cated is dictated by the changing rate & of the magnet angle
and the feeding speed of the filament v, governed as

K== 2
v
The mechanics of the bending is mainly governed by the
magnitude of the applied magnetic field, the magnetic
moment of the tip magnet, and the gravity of the tip mag-
net, as shown in Figure 2(a). Thus, the bending angle o can
be approximated from torque balance as

Ty =T+ Tr +7r 3)

where 7p is the magnetic torque, 7, is the gravitational
torque of the magnet, 7, is the gravitational torque of the
filament, and 7 is the resisting torque due to polymer
creep and environmental resistances. Due to the viscoelas-
ticity of the heated filament, the resisting torque 7 will be
hard to model, but it will be dependent on the diameter of
the filament d, bending angle «, and the temperature at the
PDZ T, along with other parameters. Assume a horizontal
external field is applied, due to the existence of the resisting
torque, the bending angle is given as

«a < arctan MB 4)

pg((Lz +ﬂ> +@>
2 2m

where M is the volume magnetization of the magnet, B is
the magnitude of the applied magnetic field, p is the density
of the magnet, m; and L; are the mass and length of the
magnet, m, and L, are the mass and length of the filament,
and g is the gravitational acceleration. Thus, it can be seen
that by increasing the mass of tip magnet m; and decreasing
the length of the tip magnet L;, the bending angle will

increase. However, as m; approaches +oco and L,
approaches 0", « is always smaller than arctan MB/pgL,,

(a)
Needle \‘D' N
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Figure 3. The illustration of (a) an ideal discrete bend, (b) a
discrete bend when lppz > Da/2, and (c) a discrete bend when
there is a gap between the wall of the needle and the filament.

which depicts the maximum bending angle of a filament
regardless of the size of the tip magnet.

Study of PDZ and bending accuracy. By assuming that there is
no gap between the filament and the wall of the needle,
when the needle is heated up and a magnetic torque is
applied to the tip magnet of the filament, the filament inside
the needle will not deform and plastic deformation will
happen along the filament from the tip of the needle to
some distance away outside the needle. This part of the
filament is defined as the PDZ and its length Ippy. This
indicates that /pp; will affect the sharpness and accuracy
of a discrete bend. As shown in Figure 3(a), considering the
thickness of the filament, an ideal discrete bend will have a
sharp vertex at the inner side of the bend and an arced outer
boundary. In this case, the lppy is Da/2, where D is the
diameter of the filament, and thus the minimal bending
radius is the radius of the filament. When /ppy is smaller
than this value, the ideal discrete bend can also be achieved
when the heated filament inside the needle is stretched by
the magnetic torque to compensate for the smaller /ppz.
However, when the /ppy is larger than Da/2, as shown in
Figure 3(b), both the inner and outer sides of the bent fila-
ment will be arced, the radius of the bent part is /ppz/a.

In the case where the needle inner diameter is larger than
the filament diameter, there will be a gap between the fila-
ment and the wall of the needle. When the needle is heated
and a bending moment is applied to the filament, the gap
will allow for filament deformation inside the lumen of the
needle, as shown in Figure 3(c). Unlike cases where there is
no gap between the needle wall and the filament, the PDZ
will extend into the needle, causing the lppy difficult to
model and predict. The bending angle will also be affected
as the filament inside the needle is no longer aligned with
the central axis of the needle.

For thermoplastic material, plastic deformation will
happen when its temperature is above the Ty, thus we can
define /ppy as the length of the filament from the tip of the
needle to the point where the temperature just drops to 7.
Therefore, to estimate /pp, under different conditions and
study their effect on the bending accuracy, it is essential to
simulate the heat transfer along the filament.



Li and Diller

The heat transfer along the filament is dominated by
heat conduction, while the heat transfer at the interface of
filament and the surrounding environment is dominated by
heat convection. By assuming the temperature across a
cross section of the filament is constant, we can thus model
the heat transfer using the one-dimensional model*®

Ou(x,1) _ aazu(’“ 0 _ b(u(x, 1) — uenv)

ot Ox?
where u(x, t) is the temperature on the filament distance x
away from the tip of the needle at time ¢ and u,,, is the
environment temperature and is assumed to be constant.
The coefficients a and b are given as
g = ke b= 2h
crpglr

)

; (6)

CtPg
where ki, cr, and py are the thermal conductivity, the spe-
cific heat capacity, and the density of the filament material,
respectively, /4 is the convective heat transfer coefficient of
free air, and 7 is the radius of the filament.

The convection between the filament and the environ-
ment is subject to many factors, especially to the orienta-
tion, length, and structure of the filament. However, during
the fabrication, the orientation of the filament changes with
the bending and the structure gets more complicated as
more bends are induced along the filament. Thus, the
convective heat transfer coefficient 4 also changes dyna-
mically with the fabrication process, and it is difficult to
estimate using one single model. To simplify the estima-
tion of 4, we assume the filament to be horizontal and
infinitely long as the worst-case scenario. The convective
heat transfer coefficient 4 is calculated using
h = Nu- ko/D, and the Nusselt number Nu can be eval-
uated using the empirical correlation®®
2

0.387Ra!/®
(1 + (0.559/Pr)9/16>

Nu= |06+

(7

8/27

where Pr, Gr, and Ra are the Prandtl number, Grashof
number, and Rayleigh number in the free convection,
respectively. As the vertical fluid flow induced by the tem-
perature difference between the filament and environment
is maximized when the filament is horizontal, the horizon-
tal filament assumption will yield the maximum convection
efficiency, thus the simulated length of PDZ is the mini-
mum value. By assuming the filament to be infinitely long,
the simulation results are valid only when the equilibrium
temperature at the end of a filament is at environment
temperature level, where there is almost no heat transfer
and negligible end effect.

The boundary condition and initial conditions for the

thermal problem are given as
u(0,1) = Uneedie ; (X, 0) = teny, X F# 0 (8)

where #,cqqic 1S the constant needle temperature.

The heat transfer simulation results under different con-
ditions are shown in Figure 4. We can tell that the heat
transfer equilibrium will be reached within 1-2 s and the
final lpp is at the same order of magnitude as the filament
diameter, suggesting sharp and accurate discrete bends
when needles that match the filament size are used. This
also suggests that the simulation results will not be
affected by the infinitely long filament assumption when
the filament length is longer than 0.8 mm for a 120 pum
diameter PLA filament. When the fabrication is per-
formed in a liquid environment, the /pp; will be even
shorter as heat convection in liquid is more efficient than
in air. Increasing the needle temperature or the environ-
ment temperature will both increase the /ppz. The Ippy is
more sensitive to environment temperature, while the nee-
dle temperature only affects the Ippz linearly and will not
affect the magnitude of /ppy.

It should be noted that heat transfer is a complex process
and convective heat transfer between the filament and the
environment is subject to many factors. Thus, our heat
transfer simulation only approximates the temperature
along the filament. It does help to study the order of mag-
nitude of /pp; and understand the thermal property of the
filament during the fabrication process.

Magnet angle planner

With the developed bending theory and accuracy analysis,
any shapes composed of sharp bends and continuous bends
can be fabricated. However, in order to automate the fab-
rication process and achieve the desired bending angle for
each bend, a parameter related to each bending angle needs
to be controlled throughout the fabrication process. We find
that during each bending, the already-formed part of the
microrobot will rotate itself as a rigid body, thus the head-
ing of the tip magnet will change along with the rotation of
the structure. This suggests that the heading of the tip mag-
net can represent the bending angle « in each bending, and
by tracking and controlling it during the feeding of the
filament, the fabrication process can be controlled and the
final shape of the microrobot will be formed as desired.
Here, we define the magnet angle « to be the angle
between the magnet axis and the needle axis. To know the
magnet angle « at a certain length of the filament, the
following magnet angle planner is developed. For an exam-
ple shape shown in Figure 5(a), the length of the filament is
normalized from S'= 0 to S = 1 from the magnet side of the
shape to the other end. Suppose that there is a point P
traveling from § = 1 to S = 0 along the path, at any given
S, the needle axis is aligned with its velocity vector # when
the point is being fabricated, thus the corresponding magnet
angle « is the angle between the 7 and the magnetization
vector M. As the point P reaches S = 0, a mapping between
filament length S and magnet angle « is thus developed as in
Figure 5(b) to be used as the magnet angle planner. As we
can see in the magnet angle planner, the fabrication starts
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Figure 4. Heat transfer simulation results. (a) The temperature profile along a 120 m PLA filament at different times in 22°C constant
air temperature when the needle temperature is 60°C. (b) The changing of lppz in air and silicone oil with time. Both environment
temperatures are 22°C and needle temperature 60°C. (c) The final Ippz in air under different air temperatures. Needle temperature is
60°C. (d) The final Ippz in air (22°C) under different needle temperatures. PLA: polylactic acid.
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Figure 5. Magnet angle planner. (a) Geometric model of the
magnet angle planner. (b) The desired magnet angle from S = 0 to
S = | for the shape shown in (a). (c) to (h) Snapshots of fabrication
simulation for the desired shape shown in (a). The filament length
S and magnet angle « are shown in each frame; (c) to (h) corre-
spond to points c to h in (b).

when both the magnet angle and filament length are zero. A
horizontal line represents pure feeding of the filament, where
the magnet angle is not changed. A vertical line represents a

discrete bend where no feeding of the filament happens. In
the case of a slant line, the magnet angle o changes linearly
with the filament length S, depicting the formation of a
continuous arc. Snapshots of the simulated fabrication pro-
cess are shown in Figure 5(c) to (h).

Shape creation potential

Using the magnet angle planner, a desired shape can be
formed automatically. However, the target shape is not
arbitrary due to the fabrication concept itself, and it is
necessary to examine whether a desire shape is valid before
fabrication. Two types of inherent limitations will apply
during the fabrication process.

The first limitation is induced when the tip magnet hits the
injection needle during the fabrication process, as shown in
Figure 6(a). When the tip magnet is approaching the needle at
angle «, introduced by the size of the magnet, the minimum
distance between the needle and the tip of the filament is

d = r, + rypcosa + 1, sina 9)

where 7, is the radius of the needle, r,, is the radius of the
magnet, and /,, is the length of the magnet. Based on this
limitation, no totally enclosed shapes can be fabricated, and
the minimum distance between the two ends of the filament
of a shape will be d, depending on the angle of the magnet.

The second limitation will apply when the formed
structure of the filament hits the needle, as shown in
Figure 6(b). In this scenario, disregarding of the angle
of the tip magnet, the minimum distance between the
needle and the filament is

d=r,+r (10)
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(a) (b)

Figure 6. Shape creation potential. (a) magnet hitting the needle
and (b) filament hitting the needle.

where rris the radius of the filament. Because of this lim-
itation, the minimum distance between any two parallel
filament segments in a shape will be d.

Results and discussion

Fabrication setup

Material selection and filament fabrication. Among thermo-
plastic materials, PLA is selected as the filament material
due to its low T, (=256°C) and its semicrystalline structure,
which ensures a uniform thermal property along the fila-
ment and makes the fabrication process more predictable. It
is also one of the commonly used materials for 3-D print-
ing. Another advantage of PLA over other thermoplastics is
that it is derived from renewable resources and biodegrad-
able, and thus not inclined to be harmful in bio-related
applications. However, other thermoplastics such as Acry-
lonitrile Butadiene Styrene (ABS) and nylon can also be
used for the fabrication based on different environment
temperature requirements and applications. PLA filament
of 100—120 pm in diameter is prefabricated using a custom
hot extrusion method from 1.75 mm filament intended for
use in 3-D printing. In this prefabrication, the filament is
extruded at 225°C through an extrusion nozzle of inner diam-
eter 200 pum. Extrusion is done vertically and therefore the
filament is pulled by its own weight, creating a uniform diam-
eter along the filament. The extruded filament diameter can
be adjusted by changing pulling speed of the extruded fila-
ment. Unlike filaments readily available for purchase, negli-
gible residual stress is present in this filament, which is
necessary for use in the fabrication of microrobots.

Magnetic field, filament feeding, and heating system. The mag-
netic fields for fabrication and subsequent motion control
of microrobots are generated using a custom magnetic coil
system, as shown in Figure 7(a) to (b). The prototype coil
system is composed of two pairs of orthogonal Helmholtz
coils and can generate nearly uniform magnetic fields of up
to 14 mT and at frequencies up to 120 Hz in a vertical
plane. The generated magnetic field decreases by at most

Filament
feeder

Heating

wire \

Figure 7. Prototype of magnetic in situ microrobot fabrication
system. (a) and (b) Side view and front view of the coil system. The
filament feeder is placed on the coil system, and the tip of the
needle is in the center of the coil system. (c) and (d) Side view and
front view of the filament feeder. The filament is fed through the
needle by the driving shaft attached to the shaft of the stepper
motor. The detail of the tip of the needle with heating wire
wrapped around is shown in the inset of (d).

7% at the edge of the workspace of 6.75 x 3.50 x 9.43 cm’.
The field produced by each coil is proportional to the cur-
rent through the coil, which is controlled by amplifiers
(ADVANCED Motion Controls, 30A8; Camarillo, Califor-
nia, USA) and directed by an analog output card (SEN-
SORAY, Model 826, Tigard, Oregon, USA) from a
custom Linux-based C-code software. The feeding of the
filament is controlled by a custom filament feeder driven
by a stepper motor as shown in Figure 7(c) to (d), and
feeding resolution of up to 4.3 um can be achieved. The
needle is heated by resistance wire wrapped around it as
shown in Figure 7(d), the temperature is measured by a
thermocouple, and feedback control of the needle tempera-
ture is performed along for automated fabrication. A cam-
era (NET New Electronic Technology Gmbh, FOculus
FO124TB, Finning, Germany) is mounted to the side of
the coil system to detect the magnet angle.

Magnet detection and controller. By processing the image
taken from the side camera during the fabrication, the angle
of the magnet is detected and then controlled by a propor-
tional—integral (PI) controller.

In order to detect the angle of the tip magnet, we use a
cylindrical magnet thicker than the filament as the tip
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Figure 8. Magnet detection and magnet angle controller. (a) and
(d) Image processing results after each major step of the magnet
detection algorithm. (e) The design of the Pl magnet angle
controller with maximum allowed magnetic field angle.

Pl: proportional—integral.

magnet. Examples of the image processing results after
each major step are shown in Figure 8(a) to (d). The grays-
cale image captured by the camera is first converted into a
binary image, where the needle, filament, and magnet
appear to be black. The needle area is then removed from
the image to define the region of interest for the next step.
Then, a morphological closing operation (a dilation followed
by an erosion) is performed using a circular structure ele-
ment that is thicker than the filament but thinner than the
magnet, such that the filament will disappear after the dila-
tion operation, leaving only the magnet area that appears to
be a rectangle with rounded corners. The contour of the area
is then detected and fitted into a rectangle. The orientation of
the rectangle will represent the angle of the magnet.

To control the angle o of the magnet using magnetic
field, the magnitude of the magnetic field is set as a con-
stant (14 mT in the experiment), while its angle aj is dic-
tated by a PI controller with saturation, as shown in the
following equation

t
oz—|—KpAoz+K,-/ Aadt, ap < ap
ap = 0

max (11)

ap max ? ap 2 ap max

where Aq is the difference between the desired magnet
angle and the actual magnet angle, K, and K; are the coef-
ficients of the proportional and integral terms of the con-
troller, and apnax 1s the maximum allowed angle of the

100%
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23 33 43 53 63

Temperature (°C)

Bending angle (%)

Figure 9. Bending angle at different environment temperatures.
The PLA filament (120 pm in diameter, 7 mm in length) is verti-
cally fixed and immerged in water, a cylindrical magnet (£0.3 mm,
length 0.5 mm) and horizontal magnetic fields of 1,2, and 3 mT are
applied in three different trials. The bending angle is normalized to
the maximum bending angle of each trial. PLA: polylactic acid.

magnetic field, which works as a saturation term in the
controller. The agnay 1S set to be 90° away from the magnet
angle as the magnetic torque will decrease when the angle
between the field and magnet exceeds 90° according to
equation (1), so the applied magnetic field is always
between 7 and B max, @s shown in Figure 8(e).

Filament bending experiments

Before any fabrication experiments using the prefabri-
cated PLA filament can be done, some properties of the
filament need to be studied to help determine some
parameters used in fabrication experiment. Thus, in the
following experiments, we show bending the filament at
different environment temperatures to help us determine
the needle temperatures for bending and feeding. The fila-
ment bending experiment using needles of different inner
diameters is also conducted to verify the theory proposed
in section “Study of PDZ and bending accuracy.” The
resisting torque of the filament at PDZ is also calibrated
such that we know the size of tip magnet in order to
achieve a certain bending angle.

Bending under different PDZ conditions. As discussed in sec-
tion “Study of PDZ and bending accuracy,” the Ilppy is
affected by the needle temperature and the inner diameter
of the needle. Increasing the needle temperature will
decrease the stiffness of the filament but also increase the
Ippz, resulting in less accurate discrete bending. The nom-
inal T, of PLA is 56°C, suggesting that when the tempera-
ture is higher than that, the stiffness of PLA will decrease to
a minimal value. To further investigate the minimum tem-
perature that can result in relatively large plastic deforma-
tion, the filament is bent in increasing ambient environment
temperature under a horizontal magnetic field, and the
bending angle is recorded as shown in Figure 9. The experi-
mental data reveals that plastic deformation begins to hap-
pen at around 40°C; between 40°C and 50°C, plastic and
elastic deformation coexist in the filament; at temperature
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higher than 60°C, plastic deformation reaches its maxi-
mum. Therefore, in the fabrication experiment, we feed the
filament when the temperature is below 40°C and conduct
the bending when the temperature is above 60°C.

The inner diameter of the needle is another factor that
affects the shape of PDZ. To experimentally study the effect
of needle thickness on the PDZ, needles of different inner
diameters are used to bend the filament. The diameter of the
filament used is 220 um, and tip magnet of $0.75 mm X
1 mm is used. The inner diameters of the needles are 260
pm, 413 pm, and 838 pm. In the three cases, the filament is
controlled to bend to 60° off the vertical axis. After the fila-
ment is cooled down and taken out of the needle, the actual
PDZ is shown in Figure 10. The results suggest that thicker
needle will increase the /ppz and thus affect the sharpness of
the bending. The actual bending angle in the three cases is also
measured and compared to the desired bending angle. In
accordance with the expectation, the error of the bending
angle also increases with the inner diameter of the needle,
so the inner diameter of the needle should be as close as
possible to the thickness of the filament in fabrication.

Resisting torque calibration and single bend experiment.
According to the bending mechanics model, by neglecting
the resisting torque of the filament, a larger tip magnet will
result in larger bending angle under the same condition. To
get a more accurate bending angle model and decide the
size of tip magnet to use, the resisting torque of the filament
needs to be calibrated experimentally due to its difficulty to
model. The experiment setup of calibrating the resisting
torque is illustrated in Figure 11(a). The magnet is hanged
horizontally though a vertical long thin nylon string, such
that when the needle is heated up, the horizontal pulling
force of the string can be neglected and the resisting torque
equals to the applied magnetic torque only. Five trials of
resisting torque calibration are conducted, where the
lengths of the horizontally extended filament from the nee-
dle are 2, 4, 6, 8, and 10 mm, respectively.

The results of the calibrated resisting torque at different
bending angles for the five trials are shown in Figure 11(b).
The results show the consistency of the resisting torque at
each bending angle regardless of the extended filament
length. It is expected that the resisting torque is indepen-
dent of the extended filament length, as the resisting torque
is caused by the viscoelastic creep at the PDZ which is
subject to the filament material properties and the bending
angle. The resisting torque increases with the bending
angle, suggesting that the creep strain will increase with
the applied stress. By fitting the averaged resisting torque
into a linear relationship with the bending angle, the resist-
ing torque is calibrated as 7z = 4.375a x 107° N'm,
where « is the bending angle in degrees. The coefficient
of determination (R*) of this linear regression is 0.996,
which confirms the credibility of the fitted data.

With the calibrated resisting torque for 120 ym PLA
filament at 60°C, filament bending experiments are

Figure 10. The bent filament in needles of different inner dia-
meters: (a) 260 um, (b) 413 um, and (c) 838 pm.
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Figure 11. (a) Experiment setup for resisting torque calibration.

(b) The results of resisting torque calibration for five trials when
the extended filament length L is 2, 4, 6, 8, and 10 mm, respec-
tively. (c) The experiment and simulation results of filament
bending experiment using |, 2, and 4 tip magnets. The simulation
results are shown in dashed line.

conducted to verify the accuracy of the calibration. The
same filament as in the resisting torque calibration is used
and the needle is vertically fixed. The length of the exposed
filament is 7 mm. Horizontal magnetic fields are applied as
large as 14 mT to bend the filament. Up to four identical
magnets (0.3 mm x 0.5 mm) are used in the bending
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experiment. The agreement between the experimental and
simulated bending angle shown in Figure 11(c) suggests
that the calibration of resisting torque is accurate enough
and the bending mechanics model can be used to predict the
bending angle. Using the bending model, it is calculated
that one magnet can bend the filament to 90° when the
filament is shorter than 4.85 mm, while the filament can
be as long as 75.5 mm in order to bend to 90° when two
magnets are used as the tip magnet. As most shapes we
fabricate are at the scale of 5 mm, one magnet will be
enough to get enough bending angle, especially when the
filament diameter is smaller than 120 pm.

Microrobot fabrication experiments

Fabrication of different shapes. To demonstrate the effective-
ness of the in situ fabrication method with custom produced
filaments, as shown in Figure 12(g) and (h), different
shapes containing both discrete and continuous bends are
made using the prefabricated PLA filament. The tip magnet
used is one cylindrical neodymium magnet ($0.3 mm X
0.5 mm) and is manually glued to the end of the filament
using super glue. All the demonstrated shapes are each
fabricated in less than 3 min. As most fabrication time is
taken by filament bending, the fabrication time can be even
shortened by tuning the parameters of the magnet angle
controller to make the bending process faster.

The averaged shape deviation D, is used to charac-
terize the accuracy of the fabricated shape, and this value
is measured as the averaged distance between each corre-
sponding points on the actual and desired shape path. To
calculate D,y,, the actual path is superimposed on the
desired path at the same scale, and a minimum area A,
of the space enclosed by the two paths is found and cal-
culated by changing the relative orientation and position
of the two paths. The area A4,,;, is then normalized to the
length of the desired shape to get D,y,. The D,,, for the
arch, stair, and spiral shaped microrobots is 59.5 um,
40.76 pum, and 117.85 um, respectively. Shapes with more
continuous bends appear to have larger D,,,, but it is still
at the same order of magnitude as the thickness of the
filament, and all the D,,, are within 1% of the total length
of the corresponding path, which shows a high accuracy of
the fabricated shapes.

We also show that a fabricated microrobot can be
removed out of its workspace. To achieve the removal, as
shown in Figure 12(j) to (k), there is an arch-shaped micro-
robot inside the workspace, and another filament with a tip
magnet attached at its end is inserted into the microrobot
workspace through the needle. The free ends of tip magnet
for removal and that on the microrobot have opposite pola-
rities such that they can be attracted by each other as they
approach. As the microrobot is attracted by the removing
tip magnet, we slowly retract the filament with the needle
being heated, thus the microrobot straightens itself as the
retraction and finally gets removed out of the workspace.

@ M — (b) ©
Needl ;
mm seC

00:03_ Magnet 44.¢ 01:00
01:30 02:12 02:50
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Filament

Magnet

Device 1;m
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Figure 12. Fabricated microrobots of different shapes. (a) to (f)
Snapshots of the fabrication process of the arch-shaped micro-
robot in chronological order. (g) to (i) Demonstration of the arch-
shaped microrobot, a stair-shaped microrobot and a spiral-
shaped microrobot. The desired path is shown in dashed line
under the actual shape. (j) The filament-magnet setup for
removing a microrobot is inserted into the workspace. (k) The
microrobot is attached to the removing magnet by magnetic
attraction.

The removing process of the microrobot is a reverse of its
fabrication process.

Functional device demonstration: A micro-gripper. Here, we
introduce a micro-gripper fabricated using the in situ fab-
rication method as a functional device for advanced appli-
cation. As shown in Figure 13(a), a segment of 100-pum
thick PLA filament with one tip magnet ($0.75 mm x 1
mm) attached at each end is fed through a hypodermic
needle and bent into a gripper shape. The feeding of the
filament segment is achieved by pushing it using another
filament through the filament feeder. After the formation of
the gripper, the gripper is directly pushed outside of the
needle by the feeding filament. Thus, the gripper can be
fabricated in situ and deployed into its workspace without
direct human interference. As the wall of the needle is
magnetic material, without any pushing, the filament seg-
ment can hang on to the needle by magnetic attraction
between the wall of the needle and the magnet inside the
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Figure |13. Demonstration of the micro-gripper. (a) The concept of the micro-gripper. (b) The gap distance versus field strength of the
micro-gripper. The assembly of the cage is shown in (c) to (i) and disassembly is shown in (i) to (j) using the micro-gripper. Pieces A and

C are the two halves of the cage, and piece B is the cell analog.

needle. The needle is inserted into an enclosed acrylic con-
tainer (L45 x W25 x H15 mm®) filled with silicone oil
(viscosity 20 cSt; Sigma-Aldrich, St Louis, Missouri, USA)
through an access hole.

As the tip magnets are magnetized to point outward and
the overall magnetization of the gripper is at the direction
of its central axis, the two symmetrical arms will deflect
toward the center when a magnetic field along the central
axis is applied, causing the closing motion of the micro-
gripper.?’ Taking advantage of the net magnetization of the
micro-gripper, the gripper can be controlled to move using
stick-slip motion,*® while the opening and closing motion
of its arms can be controlled by changing the magnitude of
the applied magnetic field. The relationship between the
gap distance and the field strength for a fabricated gripper
is shown in Figure 13(b).

As shown in Figure 13(c) to (j), the micro-gripper is con-
trolled to assemble a cage for a 1.6 mm disk (piece B in
Figure13(c)) to mimic the situation of assembling a cell into
a cage for cell culturing. The cage and the disk are laser cut
liquid plastic (Smooth-Cast 310, Smooth-On, Macungie,
Pennsylvania, USA). The opening of the first half (piece A)
of the cage is narrower than the normal width of the gripper.
To manipulate this piece, the gripper deflected to close its gap
before entering piece A. This will create a secure contact
between the gripper and the wall of piece A. After finishing
the assembly, taking advantage of the handle on piece C,
disassembly of the cage is also performed.

Functional device demonstration: A micro-spring. As another
functional device demonstration, a mobile micro-spring is

fabricated. This micro-spring can be used as a manipulation
tool with force feedback capability.” By measuring the deflec-
tion of the calibrated micro-spring through optical detection,
the manipulation force of the micro-spring can be calculated.

The micro-spring is fabricated using a PLA filament of
diameter 120 pm and one tip magnet ($0.75 mm x 1 mm) is
used. After the formation of the micro-spring, in order to
release the spring from the filament without accessing into
the workspace, the needle is pulled out together with the
formed structure until the tip of the micro-spring just reaches
the access whole; the tip of the micro-spring is then cut using a
blade.

The essential function of the micro-spring is to do force
sensing—related manipulation in confined spaces, thus here
we use the micro-spring to test the stiffness of a flexible
beam inside an enclosed workspace to demonstrate its
functionality. Inside the workspace, there is a cantilever
beam made with silicone rubber (Smooth-On, Mold Max
20). Actuated by a permanent magnet, the micro-spring is
controlled to push against the beam, as shown in
Figure 14(c) to (d). As the stiffness of the micro-spring is
calibrated as 2.17 N/m, using the formula of cantilever
beam deflection at small angle, § = FL?/3EI, the Young’s
modulus of the beam material is calculated as 1.63 MPa.
Compared with the nominal Young’s modulus of the mate-
rial, 3.83 MPa, the tested result appears to be at the same
order of magnitude. The underestimation of the Young’s
modulus can be due to the static friction between the con-
tainer bottom surface and the microrobot, which causes the
elastic force of the microrobot to be smaller than the elastic
force of the beam.
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Figure 14. Demonstration of the micro-spring. (a) The fabricated
micro-spring before cutting off from the needle. (b) Snapshot at
the moment when the micro-spring is just cut off from the needle.
(c) The micro-spring original length (7.46 mm) is approaching the
beam (16.96 mm long, |1.62 mm thick, and 2.23 mm high). (d) The
micro-spring pushed the beam to cause a deflection of the beam.
The length of the deflection of the micro-spring is 0.86 mm, the
deflection of the beam at the pushed pointis |.21 mm, and the
distance between the pushed pointand the jointis 13.69 mm. (e) The
deflection—force plot for the stiffness calibration of the micro-spring.
The blue dots are data taken from the calibration and red line is
the fitted line for its stiffness. The inset shows the calibration
setup, where a force sensor is aligned with the micro-spring.

Conclusion

The new fabrication method presented in this article has
the potential to simplify the fabrication process of existing
microrobots and also creates the possibility of fabricating
more complex microrobot shapes for advanced function-
alities. In addition, the process of transporting the micro-
robot from a fabrication system into its workspace is no
longer a problem as the microrobot is directly fabricated
in situ through an injection needle. This allows the reduc-
tion in the size of the access hole to the diameter of the
injection needle and facilitates further operation of the
microrobot.

In this study, the tip magnet we used is thicker than the
filament to induce enough bending moment, thus the nee-
dle inner diameter has to be larger than both the magnet
and the filament. However, with large enough magnetic
fields, the tip magnet or even magnetic particles could be
embedded into the tip of the filament, and this will further
decrease the size of the needle and the fabricated device.
As a potential application, we show in this article the
formation of a micro-gripper and micro-spring using the
in situ fabrication method. With control of both force and
torque applied on the tip magnet, any mobile microrobot

that can be approximated by a wireframe structure can be
fabricated using the fabrication method. These devices
include but are not limited to helical swimmers, porous
microrobots for cell culture, and medical devices such as
stents for artery treatment.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported by the Natural Sciences and Engineering

Research Council of Canada Discovery Grants Program (grant
#2014-04703).

References

1. Peyer KE, Zhang L, and Nelson BJ. Bio-inspired magnetic
swimming microrobots for biomedical applications. Nanos-
cale 2013; 5: 1259-1272.

2. Diller E and Sitti M. Micro-scale mobile robotics. Founda-
tions and Trends in Robotis 2013; 2: 143-259.

3. Diller E, Floyd S, Pawashe C, et al. Control of multiple het-
erogeneous magnetic microrobots in two dimensions on non-
specialized surfaces. IEEE Trans Robot 2012; 28: 172—-182.

4. Jing W, Pagano N, and Cappelleri DJ. A novel micro-scale
magnetic tumbling microrobot. J Micro-Bio Robot 2013; 8:
1-12.

5. Sakar MS, Steager EB, Kim DH, et al. Modeling, control and
experimental characterization of microbiorobots. /nt J Robot
Res 2011; 30: 647-658.

6. Frutiger DR, Vollmers K, Kratochvil BE, et al. Small, fast,
and under control: wireless resonant magnetic micro-agents.
Int J Robot Res 2009; 29: 613-636.

7. Jing W and Cappelleri DJ. Micro-force sensing mobile micro-
robots. SPIE Sensing Technology+ Applications, Baltimore,
Maryland, USA, 20 June 2015, pp. 949405-949405. Belling-
ham, Washington, USA: International Society for Optics and
Photonics.

8. Peyer K, Tottori S, Qiu F, et al. Magnetic helical microma-
chines. Chemistry 2012; 19(1): 28-38.

9. Mahoney AW, Sarrazin JC, Bamberg E, et al. Velocity con-
trol with gravity compensation for magnetic helical micro-
swimmers. Adv Robot 2011; 25: 1007-1028.

10. Zhang L, Abbott JJ, Dong L, et al. Artificial bacterial flagella:
fabrication and magnetic control. App! Phys Lett 2009; 94:
064107.

11. Ghosh A and Fischer P. Controlled propulsion of artificial
magnetic nanostructured propellers. Nano Lett 2009; 9:
2243-2245.

12. Schuerle S, Pané S, Pellicer E, et al. Helical and tubular lipid
microstructures that are electroless-coated with CoNiReP for
wireless magnetic manipulation. Small 2012; 8: 1498-1502.



Li and Diller

13

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tottori S, Zhang L, Qiu F, et al. Micromachines: magnetic
helical micromachines: fabrication, controlled swimming,
and cargo transport. Adv Mater 2012; 24: 8§11-816.

Kim S, Qiu F, Kim S, et al. Fabrication and characterization
of magnetic microrobots for three-dimensional cell culture
and targeted transportation. Adv Mater 2013; 25: 5829-5829.
Kobayashi K and ITkuta K. Three-dimensional magnetic
microstructures fabricated by microstereolithography. 4Appl
Phys Lett 2008; 92: 262505.

Kummer MP, Abbott JJ, Kratochvil BE, et al. OctoMag: an
electromagnetic system for 5-DOF wireless micromanipula-
tion. JEEE Trans Robot 2010; 26: 1006-1017.
Chatzipirpiridis G, Ergeneman O, Pokki J, et al. Microrobo-
tics: electroforming of implantable tubular magnetic micro-
robots for wireless ophthalmologic applications. Adv
Healthcare Mater 2015; 4: 209-214.

Yim S and Sitti M. SoftCubes: stretchable and self-
assembling three-dimensional soft modular matter. /nt J
Robot Res 2014; 33: 1083-1097.

Knaian AN, Cheung KC, Lobovsky MB, et al. The milli-
motein: a self-folding chain of programmable matter with a
one centimeter module pitch. In: IEEE/RSJ international con-
ference on intelligent robots and systems, Vilamoura, Algarve,
Portugal, 7-12 October 2012, pp. 1447-1453. New York,
USA: IEEE.

Gilpin K, Knaian A, and Rus D. Robot pebbles: one centi-
meter modules for programmable matter through self-disas-
sembly. In: IEEFE international conference on robotics and
automation, Anchorage, AL, USA, 3-8 May 2010, pp.
2485-2492. New York, USA: IEEE.

Yim S and Sitti M. Shape-programmable soft capsule robots
for semi-implantable drug delivery. IEEE Trans Robot 2012;
28: 1198-1202.

22.

23.

24.

25.

26.

27.

28.

29.

30.

White PJ, Thorne CE, and Yim M. Right angle tetrahedron chain
externally-actuated testbed (RATChET): a shape-changing
system. In: ASME international design engineering tech-
nical conferences and computers and information in
engineering conference, paper no. DETC2009-87657,
San Diego, CA, USA, 30 August-2 September 2009,
pp.- 807-817. New York, USA: ASME.

Whitesides GM and Grzybowski B. Self-assembly at all
scales. Science 2002; 295: 2418-2421.

Chung SE, Park W, Shin S, et al. Guided and fluidic self-
assembly of microstructures using railed microfluidic chan-
nels. Nat Mater 2008; 7: 581-587.

Rubenstein M, Cornejo A, and Nagpal R. Programmable self-
assembly in a thousand-robot swarm. Science 2014; 345:
795-799.

Diller E, Zhang N, and Sitti M. Modular micro-robotic
assembly through magnetic actuation and thermal bonding.
J Micro-Bio Robot 2013; 8: 121-131.

Steuben J, Bossuyt D, and Turner C. Design for fused
filament fabrication additive manufacturing. In: ASME inter-
national design engineering technical conferences and
computers and information in engineering conference, paper
no. DETC2015-46355, Boston, MA, USA, 2-5 August 2015,
pp. VO04T05A050. New York, USA: ASME.

Bergman T, Lavine AS, Incropera F, et al. Fundamentals of
heat and mass transfer 7e. Hoboken: Wiley Custom Learning
Solutions, 2011.

Diller E and Sitti M. Three-dimensional programmable
assembly by untethered magnetic robotic micro-grippers.
Adv Funct Mater 2014; 24: 4397-4404.

Floyd S, Pawashe C, and Sitti M. Modeling and experimental
characterization of an untethered magnetic micro-robot. /nt J
Robot Res 2009; 28(8): 1077-1094.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


